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Abstract 
In this study, we examine the effect of surrounding liquid on the motion of gravity-driven drops through a round-
edged circular orifice using high-speed visualization and refractive index matched PIV. The overall motion of the 
drop is separated into three stages: pre-impact, penetration and release. We show that in liquid/liquid systems, the 
surrounding fluid influences the drop velocity during both pre-impact and release stages. During the pre-impact 
stage, the drop approaches the orifice by displacing the surrounding liquid radially across the plate as well as axially 
through the orifice. During the release stage on the other hand, surrounding fluid is drawn downward into the orifice 
as the drop exits below the plate. In both cases, the drop decelerates due to added mass and viscous effects, which 
are negligible in liquid/gas flows. Drop breakup is promoted by a higher viscosity surrounding such that the volume 
of the satellite drop increases when the drop-to-surrounding-fluid viscosity ratio is decreased.  
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1. Introduction 
When a drop interacts with a pore or constriction, the surrounding fluid may significantly affect its motion. Such 
flows occur in many practical applications including CO2 sequestration and underground petroleum recovery. In 
liquid/liquid systems, a moving drop has to displace the surrounding liquid before entering a constricted opening. 
Compared to liquid/air systems, this may add to the force required to drive the drop through the constriction. In 
addition, a film of the surrounding liquid may prevent direct contact between the drop fluid and the constricting 
surface. In this work, we simplify the constriction to a thin plate with a circular orifice, and examine gravity-driven 
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water-glycerin drops as they approach and pass through the orifice in the presence of a viscous surrounding oil. 
Previously, it was observed that the shape of the orifice edge (sharp vs. rounded) could strongly influence the 
outcome of a drop after the impact (Bordoloi and Longmire, 2014a). We restrict this paper to orifices with rounded 
edges, and study the effects of the surrounding oil on the flow.  We use image processing to track the drop interface, 
and refractive index matched PIV to obtain velocity fields both within the drop and in the surrounding liquid. Based 
on these results, we demonstrate the effects of surrounding oil viscosity as well as its added mass on the drop motion 
through the orifice. 
2. Experimental Facility and Methods 
The experimental setup (see Figure 1) used in this study includes a tank (with cross-section 255 mm x 255 mm and 
height of 280 mm) made of acrylic sheets (thickness: 12 mm) and supported on an iron frame. The tank was filled 
with silicone oil to a height of 160 mm. A rectangular acrylic plate (254 mm x 230 mm x 2mm) with a circular 
orifice at its center was suspended horizontally at a height 120 mm below the free surface. The orifice edges were 
rounded (with edge radius of approximately 0.5mm) on both sides. Drops of water/glycerin were released into the 
oil so that they reached terminal velocity before encountering the plate. Four orifice diameters,  = 5mm, 5.5mm, 
6mm and 8mm were considered.  
      The properties of the drop and surrounding fluids are summarized in Table 1. We used two different silicone 
oils (50 cSt and 20 cSt) to vary the viscosity of the surrounding fluid (Combinations I and II). The resulting 
viscosity ratios (  ) for Combinations I and II were 0.14 and 0.36 respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Schematic of the experimental setup 
 
      For PIV experiments, a vertical measurement plane (i.e. the drop-orifice plane of symmetry) was illuminated 
using an Nd:YLF laser with pulse energy 30 mJ and pulse frequency 1kHz, and the flow was imaged with a Photron 
Fastcam Ultima APX camera (10 bit CMOS sensor, 1024x1024 resolution and frame rate 1 kHz). The refractive 
indices of the two liquids (Combination I) were matched to avoid optical distortion. A very small quantity of 
Rhodamine B was added to the drop fluid in order to distinguish the drop from the surrounding oil. 
    The visualization experiments were carried out by back-lit projection, where a white fluorescent lamp behind 
the tank projected the drop silhouette onto the camera sensor. Since the refractive indices of drop and the 
surrounding fluids were either matched (Combination I) or were fairly close (Combination II), a very small quantity 
of food dye was mixed with the drop fluid to distinguish it from the surrounding. 
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In order to identify and track the drop interface, raw images were processed with a custom program in MATLAB 
(Bordoloi and Longmire, 2014b). To eliminate scattering from the plate, an image without the drop was subtracted 
from each test image. Then median and standard deviation filters were applied. The median filter removed PIV 
tracer particles from the image, whereas the standard deviation filter enhanced the drop edges. Next, a “canny” edge 
detection scheme was applied. Finally, boundaries were ‘closed’ through a series of iterative morphological 
operations. In each step, the size of the structuring element was incrementally increased until the entire drop was 
filled. After closing the entire drop, the location of the orifice plate was masked.  
        
 
 
Table 1: Liquid properties 
Fluid  
Pair 
Drop  
Fluid 
Surrounding  
Fluid 
Density Dynamic  
viscosity 
Surface  
tension 
glycerin/water Silicone oil 
   
I 48% glycerin 50 cSt 1.13, 0.96 0.07, 0.48 29.5 
      
II 48% glycerin 20 cSt 1.13, 0.95 0.07, 0.19 25.7 
 
3. Results 
In general, after impacting on a constricting orifice, a drop may either be captured or pass through. In order to 
pass through an orifice with  , a drop has to undergo significant deformation overcoming the interfacial 
tension between the drop and the surrounding fluid. In this study, the primary forces that drive the drop into the 
orifice are gravity and inertia. The most important dimensionless parameters in this flow are: Bond number 
(  ), Weber number (  ), orifice-to-drop diameter ratio (), and viscosity ratio 
(  ). In addition to interfacial tension, viscous forces also oppose the motion of the drop through the orifice. 
A non-dimensional parameter that compares the viscous and capillary forces inside the orifice is the Ohnesorge 
number (   ) related to either the drop (subscript,  ) or the surrounding liquid (subscript,  ). 
For the two fluid combinations and the smallest orifice diameter ( = 5 mm) considered in this study, the maximum 
Ohnesorge numbers related to the drop and the surrounding liquid are  = 0.04 and  = 0.13 respectively. 
These values suggest that the viscous effects are typically weak compared to capillary forces within the orifice. 
For a round-edged orifice and the present fluid combinations, the drop always remained separated from the plate 
surface by a thin layer of the surrounding oil. In this case, the drop passed through the orifice if the 
parameter    exceeded 0.9. Using simple scaling of volumetric flow rate of drop through the orifice, 
Bordoloi and Longmire (2014a) obtained a passage time scale    where  is the drop centroid velocity 
immediately before the leading drop interface crosses the plane of the upper plate surface. They showed that the 
total drop release time scales with  independent of  and  when  . Here, release occurs when the 
trailing interface crosses the plane of the lower plate surface. For  , both surface tension and drop viscosity 
significantly affected the non-dimensional release time.  Our current data with Combination II indicate that the drop 
release time is of the order of  even when  is reduced by a factor of 2.5. 
Figure 2 shows the drop centroid velocity with respect to dimensionless time () for drops with Bo = 
6.6,   and different d/D of 0.56 and 0.75. The drop motion in Fig. 2 can be separated into three stages:  pre-
impact (  ), penetration (     and release (  . The general trend in drop velocity is similar 
in both cases. Before impact, both drops decelerate as they approach the plate until the centroid velocity reaches 
about 0.8. During penetration, each drop decelerates further to a minimum velocity before accelerating nearly to 
the terminal speed. As each drop exits the orifice (see the release stage), it temporarily decelerates by about 10%. 
 
g cm-3 
  
g cm-1 s-1 
 
mN/m
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We explain these trends by demonstrating a PIV sequence for a similar case (  ,  , 
) in Fig. 3. Velocity vectors are superposed with contours of dimensionless vorticity along with the interface 
location. Prior to impact, the approaching drop carries significant internal circulation in the form of a vortex ring. 
Note that the vorticity contours outside of the drop are weaker as would be expected due to the matched shear stress 
condition on the drop interface and the stronger outer viscosity. The drop deceleration in the pre-impact stage in Fig. 
2 can be related to the requirement to drive the underlying surrounding fluid through the orifice (  ) and 
radially outward along the plate (  ).  The viscous interactions between the surrounding fluid and the plate 
(see vorticity contours in first frame of Fig. 3) lead to the drop deceleration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Drop centroid velocity () normalized by terminal velocity () for a drop with Bo = 6.6, λ = 0.14, and different d/D = 0.56 and 0.75. 
Time is normalized by a time scale    where   is     
 
During penetration, the drop undergoes multiple stages of deformation influenced primarily by the interfacial 
tension between the drop and surrounding fluid near the orifice. After impact, the drop motion into the orifice is 
opposed by a surface tension force. The remaining drop fluid expands radially (     in Fig.3) above the 
plate before retracting (    ).  The drop centroid velocity reaches a minimum at about   
when part of the drop has penetrated but the remainder rests and oscillates on the plate surface.  Fig. 2 shows that the 
minimum in centroid velocity decreases as  decreases and stronger deformation is required for penetration.  For 
the smaller    case, the minimum in centroid velocity is nearly zero. In the sequence shown in Fig. 3, the 
inward retraction of the drop fluid above the plate leads to the deformation required for it to pass through the orifice.  
The drop fluid within    accelerates downward by gravity leading to the increased centroid velocity (see also 
Fig.2). 
From   to  in Fig. 3, the trailing interface of the drop moves through the orifice. By continuity, the 
falling drop fluid must drag the more viscous surrounding fluid behind it through the orifice.  As occurred during 
approach, viscous forces opposing the motion are increased temporarily and the drop decelerates (see Fig. 2).  A 
similar trend in drop velocity was also observed by Ratcliffe et al. (2010) who studied drops moving under gravity 
through toroidal constrictions using a boundary integral method. 
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Fig. 3. Example sequence for a drop with Bo = 7.2, λ = 0.14, and d/D = 0.53 impacting on round-edged orifice. Contours of dimensionless 
vorticity  are superposed with velocity vectors (reference vector 1.0 in blue) in each frame. The drop boundary is shown by a dashed 
line. 
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Fig. 4. (a) Time sequence of drop breakup during release for Bo = 6.6 and d/D = 0.52 under two viscosity ratios (λ =0.36 and 0.14), (b) vertical 
position of drop leading interface (hli/D) and trailing interface (hti/D) normalized by drop diameter (D) and (c) normalized lateral drop width 
(Dw/D) above the plate.  
 
For cases with sufficiently large  and small, drop deformation during penetration was strong enough to 
induce a capillary instability which led to pinch off of a satellite drop. In the case shown in Fig. 3, the neck on the 
elongated drop at    continues to shrink as the drop fluid undergoes strong axial strain. Eventually, the neck 
pinches off a trailing satellite droplet (  ). 
Finally, we examine the effect of surrounding oil viscosity on drop breakup during release by considering two 
oils with different viscosities (   and). Note that, the interfacial tension for the first case is higher than 
the second by a factor of 1.15 (see Table I). In order to match  and  between the two cases, we used two 
orifices with diameters    mm and mm for    and  respectively. Fig. 4(a) shows two 
visualization sequences for    and  under matched    and  . In both cases, the 
capillary instability developed within the orifice grows as discussed earlier, and a trailing satellite pinches off from 
the main drop. The visualization sequences in Fig. 4(a) suggest that, compared to  , the growth in 
instability before the breakup is stronger for λ =0.14, so that a larger satellite forms in the latter case. For this 
specific combination of  and, the fractional volumes of the satellites for λ = 0.36 and 0.14 are 3% and 16% 
respectively. Conducting multiple experiments for drops with      and    , we also found 
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that for the high viscosity oil (  ), breakup occurred for drops with    and  . For the low 
viscosity oil (  ) on the other hand, the critical value for breakup shifted to a larger    and 
smaller  . This is contrary to drop breakup in liquid columns (Zhang and Stone; 1994, Webster and 
Longmire; 2001) where increasing viscosity of the surrounding fluid was found to suppress the instability growth 
and satellite formation. 
In Fig. 4(b), we compare the non-dimensional vertical locations of the drop leading (hli/D) and trailing (hti/D) 
interfaces for the two cases shown in Fig. 4(a). The non-dimensional lateral width () of the drops above the 
plate is shown in Fig. 4(c). Due to the lesser drag on the drop during free fall for the low viscosity oil case ( = 
0.36), the pre-impact velocity is higher (    , and   ,  for  ,  
respectively). For  = 0.36, therefore, stronger inertia initially drives more drop fluid through the orifice (see Fig. 
4(a), (b) at  ). Also, as the remaining fluid above the plate expands radially, a strong indentation appears 
on the trailing interface. This highly deformed fluid above the plate rapidly retracts (see Fig. 4(a), (c) at 
  ), transforms into a vertical column, and subsequently squeezes into the orifice (    ). 
By contrast, for the case with higher viscosity oil (  ), a weaker initial penetration results in a larger volume 
of drop fluid remaining above the plate (see Fig. 4(a) at  ) that takes a longer time to squeeze through the 
orifice. First, due to the reduced radial deformation above the plate (see Fig. 4(a) at  ), this fluid retracts 
more slowly (    ). Second, more fluid is prevented from falling downward by the reaction force 
above the plate surface, such that the lateral interfaces remain stationary from     (see Fig. 4(c)). 
Due to this slow moving fluid above the plate, the drop elongates substantially from     and 
produces a tail much longer than that in the low viscosity oil case. Such strong axial deformation promotes the 
instability growth on the drop, and essentially leads to the formation of a larger satellite drop after breakup. 
4. Conclusions 
In summary, the added mass and viscous effects associated with the liquid surrounding a moving drop induce 
obvious decelerations in the drop both as it approaches and as it exits a confining orifice.  In the current liquid/liquid 
system, this effect was much stronger than any viscous damping during deformation and oscillation of the drop fluid 
above the plate after the impact. Viscosity of the surrounding fluid on the other hand influenced the drop breakup 
during release, such that a larger viscosity oil resulted in a larger satellite drop. This was attributed to differences in 
the resulting impact inertia and intermediate deformation of the drop. In a lower viscosity environment, the drop 
attains stronger inertia during free fall that aids its initial penetration as well as the passage of the subsequent drop 
fluid through the orifice. In a high viscosity environment on the other hand, a weaker initial penetration results in a 
larger fraction of drop fluid remaining above the plate. Due to the resistance from the plate surface, the penetration 
of this upper drop fluid is slowed, so that the drop fluid underneath the plate elongates substantially and is more 
likely to break off. 
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